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Enantioselectivity in CPA-catalyzed Friedel–Crafts
reaction of indole and N-tosylimines: a challenge
for guiding models†
Luis Simón
Qualitative reaction models or predicting guides are a very useful outcome of theoretical investigations of
organocatalytic reaction mechanism that allow forecasting of the degree and sense of the enantio-
selectivity of reactions involving novel substrates. However, application of these models can be unexpect-
edly challenging in reactions affected by a large number of conformations and potential control of the
enantioselectivity by different reaction steps. The QM/MM study of the Friedel–Crafts reaction between
indole and the N-tosylimide of benzaldehyde catalysed by different CPA reveals that the reaction consists
of two CPA-assisted steps: the addition of the two reagents to yield a Wheland intermediate, and its re-
aromatization. The relevance of the second step depends on the catalyst: it changes the sense of the
expected stereoselectivity for a BINOP-derived CPA but is irrelevant in the reaction catalysed by a VAPOL-
derived imidodiphosphoric acid catalyst. Although the relative energies of the TSs can be rationalized
considering the steric interactions with the catalyst, the possibility of additional H-bonds, or the relative
stability of the conformation of the reagents, predicting the enantioselectivity is not possible using quali-
tative guides.
Introduction
The availability of powerful computers and the development of
reliable methodologies1–3 have increased the utility of compu-
tational chemistry in catalysis.4–6 On one side, computational
chemistry can assist in deciphering the mechanism of the
reaction and the different roles of the catalyst,4,7 with impor-
tant implications in improving the catalyst design. On the
other side, the study of the details of the mechanism offers
models for predicting the outcome of selective catalytic reac-
tions. These models are valuable guides to choosing the right
catalysts or designing synthetic routes that could profit from
the selectivity. Citing only some examples in organocatalysis,
we can consider: the Houk model for proline-catalysed aldol
reactions,8–10 the Jørgensen model for his own catalyst,11 the
Pápai model for bifunctional organocatalysts,12,13 Grayson and
Houk’s model for conjugate additions catalysed by cinchona
alkaloids,14–16 Guo and Wong’s model for cinchona alkaloid-
squaramide catalysts,17 Wu and Ding model for TADDOL cata-
lysed Diels–Alder reactions,18 etc.7
Chiral phosphoric acid (CPA) catalysts, whose popularity
has recently seen rapid development,19–28 constitute a good
example of this two-fold contribution of computational chem-
istry to catalysis. Initial studies showed that CPA catalysts operate
through a “proton relay” mechanism, making use of their
bifunctional character.29–37 From these studies, qualitative
models have been formulated37–46 that can lead the way to the
right choice of substrates or catalyst.47–49 The large number of
applications of these catalysts has allowed these models to be
tested against a large number of reactions (the Goodman
model has been applied to more than 1000 transformations48);
the commercial availability of different alternatives24 also con-
tributes to make these models more useful.
Friedel–Crafts reactions of indole are useful procedures for
the preparation of compounds of interest.50–55 CPA has been
used on some of these reactions;56–75 in particular, the reac-
tion with the N-tosyl imine of benzaldehyde has been studied
using BINOP-derived catalysts,70 SPINOL-derived phos-
phates,71,72 and imidodiphosphoric acid-derived catalysts,69
showing different degrees of enantioselectivity. The reaction
requires two steps: the formation of a new C–C bond, in which
a new chiral centre is formed, and the re-aromatization of the
intermediate. Mechanistic studies have shown that the latter
step could be rate determining for some catalysed reactions of
indole.76 The availability of experimental results for different
catalysts, the possibility of several rate-determining or stereo-
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determining steps in the reaction mechanism, and the flexi-
bility of the N-tosyl imine reagent make this reaction a very
attractive test case for the employment of qualitative prediction
models.
In this paper, the mechanisms of several CPA-catalysed
Friedel–Crafts additions of indole to the N-tosyl imine of benz-
aldehyde are studied by QM/MM methods. The calculations
reproduce the experimental enantioselectivities, ensuring that
the assumptions and methods used during the calculations
are correct. The different competing transition state structures
(TSs) are examined to deduce the origin of their differential
stability. In addition, the possibility of reaching similar con-
clusions using simple guides inspired by qualitative models,
without needing tedious calculations, is discussed.
For this study, the catalyst substituted with 1-naphthyl
groups in the 3,3′ positions was chosen among other BINOP
phosphoric acids used for this reaction70 (Fig. 1a, Cat I). Each
of the 1-naphthyl groups can pose two different orientations,
yielding 22 = 4 possibilities and increasing the computational
effort. However, other simpler catalysts were discarded for this
study since they require considerably longer reaction times to
offer even smaller reaction yields. Modelling of slower reac-
tions could be more troublesome since the experimental
results could be more easily affected by the presence of traces
of other catalysts or by side reactions that preferentially
consume one of the enantiomers. For simplicity, only the
energy and structures of the more stable TSs are discussed,
although contributions from all calculated structures were con-
sidered for the calculation of the enantiomeric excesses (these
TSs are shown in the ESI† section). From the SPINOL derived
CPA alternatives,71 3,5-bis-(trifluoromethyl)-phenyl substituted
(Cat II, Fig. 1b) was used, also considering that the reaction is
faster with this catalyst.
As representatives of imidodiphosphoric acid catalysts,69 a
BINOP-type (Cat III, Fig. 1c) and a VAPOL-type (Cat IV, Fig. 1d)
catalyst were studied. The BINOP-type catalyst is substituted
with phenyl groups; the 1-naphthyl-substituted catalyst offers a
slightly better yield, but the presence of four asymmetric
1-naphthyl groups would lead to 24 = 16 possibilities, which
constitutes a prohibitive increase of the computational effort.
In addition, the phenyl-substituted catalyst yields a 90% ee,
compared to 99% ee by the 1-naphthyl-substituted catalyst.
Although the latter result is obviously more attractive, from a
theoretical perspective a study of a less selective catalyst is
more interesting: it is less likely that a wrong mechanism or
inappropriate methodology could accidentally reproduce the
experimental results. Remarkably, a mistake in the absolute
configuration assignment of the major product with both
imidodiphosphoric acid catalysts was discovered. Comparison
of the sign of the rotatory power and retention times for identi-
cal chiral chromatography columns described in the litera-
ture70,71,77 revealed that these catalysts yield the S enantiomer
as the major product. To facilitate the discussion, all catalysts
correspond to the R absolute configuration except for the
SPINOL-derived catalyst, which shows S absolute configur-
ation. Note, however, that S-SPINOL is structurally and stereo-
chemically equivalent to R-BINOP.
Computational methods
All calculations were performed using Gaussian 09.78 The large
number of atoms in the system, particularly for Cat III and Cat
IV, and the degrees of freedom of the catalyst and reactants,
make the use of pure QM calculations unreasonable.
Fortunately, QM :MM ONIOM79–81 hybrid methods offer
reasonable agreement between experimental and theoretical
results in studies29,32,33,38,82–87 with similar or related organo-
catalysts. These methods require only a small fraction of the
computational effort needed for pure QM methods. Only those
atoms that participate in bond forming/breaking events or in
establishing H-bond interactions were included in the high-
level layer and were treated by a QM method: the atoms on
both reagents and the phosphate group of the catalysts. The
rest of the atoms of the catalysts were included in the low-level
layer and were studied by a MM method. These atoms interact
with the atoms in the QM layer through van der Waals inter-
actions, which can be efficiently modelled by the Lenard-Jones
potential included in the MM force fields.5 The distribution of
the atoms in the different layers is shown in 3D represen-
tations of the TSs by using a “ball and stick” representation for
atoms in the QM layer and a wireframe representation for
atoms in the MM layer. In Fig. 1, catalyst atoms in the MM
layer are drawn in blue. 3D representations were rendered
using Pymol88 software.
Fig. 1 Reaction and different organocatalysts studied. For Cat I two of
the four possible alternative conformations of the 1-naphthyl groups are
shown.
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During optimization and TSs searches, the B3LYP hybrid-
GGA functional with the 6-31G(d,p)89,90 basis set was used for
the QM layer. This functional gives comparable TS geometries
to meta-GGA functionals.1 The low level layer was treated with
a UFF91 force field. Following the procedure used in the litera-
ture, the single-point energy of the optimized structure was
then calculated using the QM method for the complete
system. The ω-B97XD functional92 and 6-311+G(d,p) basis set
were used in this calculation. This functional includes explicit
dispersion corrections that are important to reproduce the
interactions between the catalyst and the reagents. Solvation
effects for toluene were introduced in the single-point calcu-
lations using an implicit IEFPCM93–97 procedure with the
SMD98 solvation model, with solvent-accessible surface
cavities.
The thermal contribution to Gibbs free energy was calcu-
lated using the ONIOM(B3LYP/6-31G(d,p):UFF) frequencies
since this analysis is only valid on structures that are stationary
points at the level of theory used. The vibrational contribution
to entropy was calculated using a quasi-rigid-rotor-harmonic-
oscillator model using the method of Grimme99 implemented
in GoodVibes program,100 which uses a free-rotor model for
modes with frequencies smaller than a threshold (set to
100 cm−1). Scale factors for harmonic frequencies were also
used: the weights assigned in the Gaussian 09 output to the
contribution of the layers for each vibrating mode were used to
average the scale factor to 0.96 (indicated for B3LYP/6-31G(d,
p)101) for atoms in the QM B3LYP and 0.87 for atoms in the
MM layer. The 0.87 scale factor was derived from comparison
of experimental and UFF frequencies for benzene, naphtha-
lene and biphenyl (see details in ESI†). Gibbs free energy
differences, used in the discussion, are calculated after adding
to the ω-B97XD single-point energy the Gibbs free energy cor-
rection. Enantiomeric excesses were calculated assuming the
Curtin–Hammett principle and using the Maxwell–Boltzmann
populations at 298.15 K.
For some of the TSs, the relative energy of the conformation
of the intermediate is used in the discussion. This energy was
obtained after re-optimizing the intermediate structure once
the catalyst atoms were removed, using the ω-B97XD/6-311
+G(d,p) level of theory. The dihedral angle between the
Hydrogen atoms at C3 and C1′ was restrained to the nearest
gauche (±60°) or anti (180°) conformation.
Results and discussion
The reaction consists of two steps. First, the addition of the
two reagents yields an indelium intermediate. This intermedi-
ate, also known as the Wheland intermediate, isomerizes in
the second step to recover the aromaticity lost in the addition
step, after losing the H atom on C3.
During the addition step, the reagents can show endo or exo
relative orientations, depending on whether the imine nitro-
gen atom is over the indole ring or not. The indole can also
approach the tosylamide on either the re or si face. The reac-
tion can therefore yield four possible diastereomeric Wheland
intermediates and four possible reaction paths. During the re-
aromatization step, the chirality developed by the indole C3′ is
lost (this carbon atom is planar in the products). Therefore,
each product enantiomer can be generated by two of the
different routes: the R product from either the R-endo or R-exo
paths, and the S product from the S-endo or S-exo paths. The
four possible routes are shown in Fig. 2 (note the change in
the Ingold–Prelog priority rules from the Wheland intermedi-
Fig. 2 (a) Different paths for the Friedel–Crafts reaction of indole with
tosylimide of benzaldehyde; (b) endo and exo relative orientation of the
reagents for the addition step; (c) isomerization TSs; (d) different confor-
mations of the N–S bond; and (e) different conformations of the C3–C1
bond.
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ates to the products; for simplicity, each route is labeled
according to the absolute configuration of the final product).
Based on the literature precedents,29–37 the CPA catalyst is
considered to act during the addition step by establishing sim-
ultaneous interactions with both reagents (Fig. 2b). In the exo
paths, three different conformations of the S–N bond are poss-
ible: one in which the aromatic ring is anti with respect to the
C1′ (A in Fig. 2d), and two gauche conformations (B and C). For
addition TSs in the endo paths, in gauche B conformation the
tosyl group would be put toward the indole ring, so only the
conformations A and C are considered. For simplicity, only the
most stable of these conformations is discussed, although all
TSs are used to calculate the stereoselectivity and are included
in the ESI† section.
Next, the isomerization step is catalysed by the anion of the
CPA catalyst. One of the phosphate oxygen atoms deprotonates
the indolium C3 atom. The other oxygen can be H-bonded to
either the indolium NH or the tosylamide NH, yielding two
possible mechanisms: “indole H-bonded” and “tosylamide
H-bonded” (Fig. 2c). For “tosylamide H-bonded” TSs, the
H-bond between the CPA and the N′ atom fixes the C1′–C3 con-
formation, but for “indole H-bonded” TSs there are three poss-
ible conformations of this bond (Fig. 2e, named according to
which of the H-, Ph- or Tos- groups is syn-periplanar to the
indole C2–C3 bond). Three possible conformations of the C1′–
C3 bond were also considered, although for simplicity only the
most stable TSs is discussed. The energies of all TSs confor-
mations were used to calculate the selectivity and all TSs are
shown in the ESI† section.
For explaining and predicting the enantioselectivities of
each step, different models were considered. The Goodman39
model was used in the addition step with Cat-I and Cat-II
(Fig. 3a). This model is based on a zenithal projection of the
catalyst and the identification of hindered regions (to the left
at the top and to the right at the bottom) and less sterically
demanding regions (right at the top and left at the bottom). It
offers similar results to the Himo–Terada30,102 model, which is
based on the identification of four quadrants in a frontal rep-
resentation of the catalyst (Fig. 3a). For R-BINOP-derived cata-
lysts the top-right and bottom-left (represented by gray boxes
in Fig. 3a, 6, 7, 9 and 10) quadrants are hindered. The advan-
tage of the Goodman model is that the reagents are placed par-
allel (instead of oblique) to the paper and therefore it is easier
to draw and use. This argument also points to the employment
of the Himo–Terada model instead of the Goodman model in
the isomerization step with these catalysts.
For Cat-III and Cat-IV the Simón and Paton85 model for
“confined” Brønsted acid catalysts was used (Fig. 3b and c).
This model is based on a frontal representation of the cata-
lyst’s active site. For Cat-III, this projection reveals that the
active phosphate oxygen atoms are buried in a cavity formed
by two of the catalyst side phenyl groups (dark-gray boxes,
Fig. 3b) that is also partially delimited at the top and the
bottom by the other two phenyl groups (light-gray bars,
Fig. 3b) situated behind. For Cat-IV the cavity is limited later-
ally by two of the phenanthryl groups but not at the top and
the bottom (as it is more visible in the zenithal representation
of the catalyst, Fig. 3c, right). It is also clear that the cavity is
wider than in the case of Cat-III.
In all cases, after the suitable projection was chosen, appli-
cation of these qualitative predicting guides consists of place-
ment of the reagents in the catalyst cavity, identifying the posi-
tion, orientation or conformation that lead the substituents
toward the less hindered regions of the space. The ability of
these models to explain (or predict) the stereochemical
outcome of the reaction was studied by projecting the TS struc-
tures as in the models and comparing the calculated relative
energies.
Table 1 shows a summary of the results obtained for the
four catalysts and the ability of the different prediction guides
to justify these results based on the identified steric effects.
The success and failure of the predicting guides is also com-
mented on, listing the exceptions and their explanation. The
rate-determining step for each enantiomer is also included.
Subsequent sections for each studied catalyst contains a more
Fig. 3 (a) Projections of Cat-I and Cat-II for the Goodman and Himo
and Terada models; (b) projection of Cat-III for the Simón and Paton
model; (c) projection of Cat-IV for the Simón and Paton model. Gray
boxes represent “hindered” regions of space.
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detailed description of the results, including the energy
diagram for the reaction, the proposed model for each step,
and the rationalization of the calculated relative energies. The
impossibility of using predicting guides to forecast the
enantioselectivity of the reaction is explored next, discussing
the difficulties of the models and showing examples of how
different arguments are required to explain the TSs energies
for different catalysts.
Reaction catalysed by Cat-I
The Friedel–Crafts reaction between indole and the N-tosyl-
imide of benzaldehyde catalysed by Cat-I has already been
studied by Simón and Goodman,33 although the re-aromatiza-
tion step was not explicitly considered. The mechanism is re-
examined here to account for the re-aromatization step and to
gain consistence with the methodology employed with other
catalysts.
The energy diagram, including only the most stable TS
structures, is shown in Fig. 4. For R-endo, S-exo, and S-endo
pathways it was not possible to find any TSs for the isomeriza-
tion step with lower energy than the energy of the addition
step. Therefore, according to the Curtin–Hammet principle,
the re-aromatization step is rate-determining for these paths.
Using Maxwell–Boltzmann distribution and considering all
TSs found for each stereo-determining step, 94% ee is calcu-
lated, in excellent agreement with the experimental result
(93% ee). Interestingly, if only the addition step was con-
sidered, the results would have predicted an absolute configur-
ation of the major product that does not correspond to the
experimental observations.
In concordance with Simón and Goodman’s results,33 endo
TSs are more stable than similar exo TSs. This was attributed
to a better fit of the CPA phosphate to endo TSs: the distance
between the catalyst’s phosphate oxygen atoms (2.6 Å) is closer
to the distance between nucleophile and electrophile N atoms
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Cat-I 93/94 Isomerization for
both enantiomers







Exceptions in some TS structures:
– Energies of the Wheland
intermediate conformations
– H-bond with Tos NH (distorts
H-bond with indole NH)
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– Deviation from the model for









with Tos NH in most stable TSs
(does not distort H-bond with
indole NH)
Exceptions due to conformation
of the Wheland intermediate in
some TSs
Cat IV 83/87 Addition for both
enantiomers
“Indole H-bonded” in all cases Exo preferred.
Explained by Simón
and Paton model
Conformation of the Wheland
intermediate more relevant than
additional H-bonds with Tos NH
Fig. 4 Energy diagram for the Friedel–Crafts reaction catalysed by Cat
I. TSs for “indole H-bonded” and “tosylamide H-bonded” re-aromatiza-
tion mechanisms are labelled “-is” and “-is*”, respectively.
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in endo TSs (3.2–3.3 Å) than in exo TSs (3.8–4.0 Å). However, in
Simón and Goodman’s work,33 this R-endo TS showed a
gauche conformation (“C” in Fig. 2d), while here the most
stable TSs correspond to a lower energy anti (“A”) confor-
mation (in current calculations, “C” R-endo TS has also been
found and its energy, 16.9 kcal mol−1, is 6.3 kcal mol−1 higher
than the TSs with the “A” conformation).
Goodman’s39 model can be used to prognosticate the ener-
gies of the addition step (Fig. 5): assuming that the most
stable TSs should correspond to endo relative orientation of
the reagents, the indole will preferentially place their C4, C5,
C6, and C7 atoms in one of the vacant regions (to the right, if
it is on the top), leading to the R-endo TSs (Fig. 5, top-left).
The calculated relative energies agree with this model.
For the “indole H-bonded” mechanism, an attempt to
employ the Himo–Terada30,102 model was made. The C1′ atom
can be placed in any of the two less hindered quadrants: the
upper-left quadrant for TSs in the R-exo and S-endo paths
(Fig. 6a, green model) and the lower-right quadrant in TSs in
the S-exo and R-endo paths (Fig. 6a, pink model). The two pos-
sibilities are not equivalent, and TSs in the S-exo and R-endo
the C1′ substituents are displaced toward the hindered upper-
right quadrant. This should lead to less stable TSs for these
two paths. In both cases, the larger substituent (the Ph group)
would preferentially be perpendicular to the projection and
away from the catalyst cavity, while the smaller group (the H
atom) would be directed toward the closer catalyst side substi-
tuent (Fig. 6b).
Schematic representation of the “indole H-Bond” isomeriza-
tion TSs and calculated energies are shown in Fig. 6c. In the
most stable TSs (R-exo-Tos-A) the optimum disposition of the
smaller (H), medium (Tos) and large (Ph) groups, predicted by
the model in Fig. 6b, is present. Owing to the change in the
configuration of the C1′ carbon atom, the TSs in the S-endo
paths is not able to achieve this arrangement. S-exo-H TSs also
shows the more convenient arrangement of the C1′ substitu-
ents, but suffers the penalty of S-exo and R-endo TSs.
The stability of other TSs, however, does not emerge from
the simple model. For S-exo-Tos TSs, there is an additional
H-bond between the tosyl-NH and one phosphate oxygen
(d O⋯H: 2.1 Å, although it distorts the H-bond between the
indole NH and the phosphate: the O⋯H distance increased to
3 Å). This H-bond contributes to reduce the energy of the TSs.
Also unexpectedly, R-endo-H TSs is less stable than R-endo-Tos
Fig. 5 Application of Goodman’s model to the addition step of the
reaction catalysed by Cat I, and calculated TSs energies (in kcal mol−1).
Fig. 6 (a) Overlay of the arrangement of the indole group in the catalyst
cavity. (b) Model for minimizing steric interactions between the Wheland
intermediate substituents and the catalyst. (c) TS structures found for
the “indole H-bonded” isomerization step and their calculated energies
(in kcal mol−1). The relative energies of the conformations of the inter-
mediate are included in parentheses. Gray boxes represent “hindered”
quadrants.
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TSs. The justification requires considering the relative energies
of the conformation of the Wheland intermediate, which is
particularly stable for R-endo-Tos TSs compared to R-endo-H
TSs (shown in Fig. 6c in parentheses).
For the “tosylimide H-bonded” isomerization mechanism,
the Himo–Terada30,102 projection can also be used. The
optimal location of the groups (Fig. 7) would place the larger
Ph group preferentially in the position directed away from the
catalyst cavity. Although this should be the case for the TSs in
the S-exo and R-exo paths, a very unfavourable conformation of
the Wheland intermediate yields a high energy TSs in the
S-exo path and even prevents finding a TSs in the R-exo path
(although failure to find this TSs does not affect the product
distribution since in this reaction path the rate is determined
during the addition step). The most stable TSs for this mecha-
nism is S-endo TSs. The Ph group is parallel to the catalyst’s
left substituent, reducing the steric interactions that the model
would have anticipated.
Reaction catalysed by Cat-II
The energy diagram for the reaction catalysed by the SPINOL-
derived Cat-II is shown in Fig. 8a. Application of the Curtin–
Hammet principle and Maxwell–Boltzmann averages to the TS
structures found yields a 47% ee, in good agreement with the
experimental results (56% ee). As for Cat-I, the only pathway
that is controlled during the addition step is the R-exo route.
Again, if only the addition step was considered, the calcu-
lations would not be able to predict the experimental results
since a much larger degree of enantioselectivity will be
expected.
Goodman’s39 model (Fig. 8c) can also be used to guess the
stereoselectivity during the addition step. However, compared
to BINOP CPAs, the cavity of SPINOL-derived CPA is smaller,
conditioning the stability of some of the TSs. In particular,
R-endo TSs is damaged by this reduction in the cavity: severe
steric interactions with the catalysts preclude adopting the anti
Fig. 7 Top: Models for minimizing the steric interactions between the
catalyst and the intermediate in the ““indole H-bonded” re-aromatization
TSs. Bottom: TSs found and calculated energies (in kcal mol−1). Relative
energies of the conformations of the intermediate are included in par-
entheses. Gray boxes represent “hindered” quadrants.
Fig. 8 (a) Energy diagram for the reaction catalysed by Cat-II. TSs for
“indole H-bonded” and “tosylamide H-bonded” isomerization mecha-
nisms are labelled “-is” and “-is*”, respectively. (b) Comparison between
the cavities of Cat-I and Cat-II; (c) Goodman model for the TSs of the
addition reaction and energies (in kcal mol−1) of the TSs found.
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(“A”) conformation found for Cat-I and only the less stable
gauche “C” conformation was found. As a consequence, the
most stable addition TSs is no longer the R-endo TSs, but
S-exo TSs (despite the exo disadvantage), for which preventing
steric interactions with the catalysts is easier. This change in
the preference was already predicted for other reactions by
Jonathan and Reid making use of their model,47,48 considering
the change from a medium-sized cavity to a small cavity. The
employment of this model, therefore, requires accepting a
small cavity for SPINOL-derived CPA and a medium-sized
cavity for 1-naphthyl-substituted BINOP, which could be
difficult to anticipate without performing the calculations.
The Himo–Terada30,102 projection can also offer a guide for
predicting the relative energies of TSs for the “indole
H-bonded” mechanism (Fig. 9a). When comparing with the cal-
culated energies, a first observation is that the narrower cavity
of the catalyst also has consequences during this step. For R-exo
and S-endo TSs, steric interactions with the groups in the
upper-right quadrant become more relevant than for Cat-I,
and accordingly the advantage of the R-exo-Tos TSs is reduced.
Additionally, the indole tilts and adopts a more “oblique” dis-
position (visible in the zenithal projection of the TSs, Fig. 8b).
This change moves the Ph group outward in S-exo-H and
R-endo-H TSs, increasing their stability, but pushes the tosyl
group toward the top-right quadrant for S-exo-Tos, de-
stabilizing it. Like in the case of Cat-I, S-exo-Tos TSs shows an
additional H-bond between the phosphate oxygen and tosyl-
imide NH (d O⋯H: 1.9 Å with tosyl-imide NH and 2.6–2.9 Å
with indole N–H).
The narrower cavity affects the TSs for the “tosylamide H-
bonded” isomerization mechanism as well and conditions the
results that would have been extracted for the qualitative
model (Fig. 10). Starting from the most stable TSs found for
Cat-I, the tilt of the indole ring required in Cat-II would have
pushed the Ph group toward the catalyst substituent at the left
side. The consequences of this movement are so severe that
this TSs has not even been found. Instead, an alternative TSs
in which the Wheland intermediate shows a different and less
stable conformation was obtained (Fig. 10, in parentheses).
The large energy of the Wheland intermediate conformation
is, like for Cat-I, the reason behind the impossibility of finding
a TS structure for the R-exo path, and justifies the instability of
S-exo TSs.
Reaction catalysed by Cat-III
The energy diagram for the reaction catalyzed by Cat-III is
shown in Fig. 11a. The TSs found and the application of the
Curtin–Hammet principle offered a 91% ee of the S product,
in excellent agreement with the experimental results (90% ee).
The distance between the imidodiphosphoric oxygen atoms is
3.6–4.0 Å, implying that this catalyst is better suited for exo
addition TSs (with a ≈4.0 Å distance between the nitrogen
atoms in indole and tosylimine) than for endo TSs (3.1–3.3 Å).
Accordingly, the most stable TS structures correspond to the
exo addition pathway. With this catalyst, the rate-determining
step is the addition, except for the S-exo route. Cat-III seems
more appropriate for the re-aromatization step using the
“indole H-bonded” mechanism. However, the stereochemistry
of the product is reduced as a consequence of a limited effec-
tiveness in assisting this step in the S-exo route. All TSs corres-
ponding to the “tosylamide H-bonded” isomerization mecha-
Fig. 9 (a) Model for the optimal arrangement of the intermediate sub-
stituents. (b) Tilt of the indole intermediate to fit in the reduced cavity of
Cat-II. (c) TSs for the “indol H-bonded” isomerization mechanism.
Energies are in kcal mol−1. Gray boxes represent “hindered” quadrants.
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nism have large energies, which can be explained by the
incompatibility between the distance between imidodiphos-
phoric oxygen atoms (≈3.9 Å) and between the tosylamide NH
and the H atom removed from C3 (≈2.7 Å).
The frontal representation proposed by Simón and Paton85
shows, for the most stable S-exo addition TSs, the two reagents
laid parallel to the cavity walls, and the tosyl group placed in the
gap left between the side and top limiting Ph groups. In the
anticipated less stable R-exo addition TSs, the imine phenyl
group is directed toward the lower-right catalyst substituent. The
results of the calculations show that this conjecture is correct.
The “Simón and Paton” representation can also considered
as a guide for predicting the selectivity of the “indole
H-bonded” isomerization TSs (Fig. 12).
For TSs in the R-exo and S-endo paths (Fig. 12, top) the C3–
C1′ bond is parallel to the catalyst groove. The three substitu-
ents of C1′ can then be directed toward the phenyl side substi-
tuent at the top (dark-gray bar), the substituent at the bottom
(light-gray bar) or outside of the catalyst cavity. The latter posi-
tion is the only one that is not affected by steric interactions
with the catalyst, and therefore would preferentially be occu-
pied by the larger substituents. Indeed, the most stable TS
structures (S-endo-H and R-exo-Tos, Fig. 12, top) places the Ph
group in this position, and TSs in which this position is occu-
pied by the smaller H substituent have not even been found.
In addition to the effect of steric interactions, the NH tosyl
group in R-exo-Tos and S-endo-H can establish H-bonds with
the imidodiphosphoric oxygen when it is not directed outward
from the catalyst’s cavity. Unlike in the cases of Cat-I and Cat-
II, these additional H-bonds can be made without disturbing
the H-bond with the indole NH. Formation of the additional
H-bond is therefore very advantageous and, actually, TSs
lacking this H-bond are not competitive. The model does not
show a factor that could indicate a higher stability of any of
the two TSs, R-exo-Tos or S-endo-H; confirming the model, the
energy of both TSs is nearly identical (the very similar energies
of the conformations also contribute to this result).
For “indole H-bonded” TSs in the R-endo and S-exo paths
(Fig. 12, bottom), the C3–C1′ bond is perpendicular to the lower
bound of the catalyst cavity, implying that these TSs have larger
energies. One of the C1′ substituents is very near the catalyst’s
cavity wall, which should lead to important steric interactions
unless it is the smaller substituent (the H atom). The other two
substituents are less hindered, either because they are pointed
outward from the catalyst’s cavity, or are laid parallel to the
cavity walls. There is also the possibility of additional H-bonds
when this when this last substituent is the NH-Tos group.
When this model is compared with the actual calculated ener-
gies, there are notable exceptions. For example, in S-exo-Ph
(Fig. 12, bottom) TSs the most hindered position is occupied by
the larger Ph group; to minimize steric interactions, in this TSs
the C3–C1′ bond adopts an eclipsed conformation. But surpris-
ingly, the energy of this TSs is smaller than the energy of
R-endo-H TSs. In both cases the tosyl NH is able to make an
additional H-bond with the catalyst, but the conformation of
the Wheland intermediate in R-endo-H is particularly unstable.
Fig. 10 Top: Model for the optimal arrangement of groups in “tosyl-
amide H-bonded” isomerization TS structures for Cat-II. Bottom: TSs
found. Energies are in kcal mol−1. In parentheses, the energies of the
conformation of the Wheland intermediate. Gray boxes represent “hin-
dered” quadrants.
Fig. 11 (a) Energy diagram for the reaction catalysed by Cat-III. TSs for
“indole H-bonded” and “tosylamide H-bonded” isomerization mecha-
nisms are labelled “-is” and “-is*”, respectively. (b) Frontal representation
of the solvent-accessible surface of Cat-III. (c) Model for explaining the
selectivity of the addition step. Energies are in kcal mol−1. Gray boxes
represent “hindered” regions of space.
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Reaction catalysed by Cat-IV
There are several similarities between the mechanism of the
reactions catalysed by Cat-III and Cat-IV. The energy of endo
addition TSs is higher than exo TSs (energy diagram in Fig. 13;
since their energy is also much higher than any TS structures
in the exo pathways, endo paths do not contribute to the final
product stereoselectivity, and isomerization TSs were not
searched). The TSs of the energies of “indole H-bonded” mecha-
nism are more stable than the TSs of the addition step, while
the TSs of “tosylamide H-bonded” re-aromatization have a very
high energy. The isomerization step is not stereo-determining
and does not reduce the degree of selectivity obtained during
the addition step. Accordingly, although the addition step is
less selective for Cat-IV than for Cat-III, the enantiomeric
excesses offered by the two catalysts are similar. The calculated
enantiomeric excess for this reaction, 87% ee, compares well
with the experimental value, 83% ee.
The frontal representation can also serve to formulate a
guide for predicting the selectivity in both reaction steps. For
the addition step, the same arguments used for Cat-III can
also be employed here, but in agreement with the wider and
less sterically demanding cavity, the calculated energy differ-
ence between the two addition TSs is reduced.
For the “indole H-bonded” TSs, the energies of the TSs do
not fit well into a similar model to Cat-III (Fig. 14). It is
evident that the relative stability of the conformation is more
relevant than the possibility of establishing additional
Fig. 12 Model to justify the relative energies of the “indole H-bonded”
isomerization TSs and the TSs found for Cat-III. Energies are in kcal
mol−1. In parentheses, the energies of the conformation of the Wheland
intermediate. Gray boxes represent “hindered” regions of space. Fig. 13 (a) Energy diagram for the reaction catalysed by Cat-IV; TSs for
“indole H-bonded” and “tosylamide H-bonded” isomerization mecha-
nisms are labelled “-is” and “-is*”, respectively. (b) Model explaining the
selectivity of the addition step. Energies are in kcal mol−1. Gray boxes
represent “hindered” regions of space.
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H-bonds. For example, R-exo-H TSs neither poses the largest
Ph group outward from the catalyst cavity nor affords an
additional H-bond with the NH-Tos group, but the Wheland
intermediate adopts a more stable conformation. This fact
alone justifies its relatively lower energy. The wider cavity also
reduces the penalty of TSs in the S-exo route. Actually, the
most stable TSs for the “indole H-Bonded” mechanism is S-exo-
H; it is also not able to make the additional H-bond with the
tosylamide but has a very stable conformation. In this TSs the
H atom occupies the most hindered position. Attempts to
place any of the other two groups in this position lead to a
large energy (S-exo-Tos TSs) or even to the impossibility of
finding the corresponding TSs (S-exo-Ph).
Can a qualitative model predict these results?
Despite the necessity of contemplating different confor-
mations and relative orientations of the reactants and different
reaction steps, once the TSs are found the factors that contrib-
ute to their energy can be easily identified: steric interactions,
the possibility of establishing additional H-bonds, and the
relative energy of the conformation of the intermediate in the
TSs. However, although the mode of activation is not different
to other theoretically studied CPA-catalysed reactions, the
employment of a guide derived from these reactions to predict
the stereochemical outcome of the reaction, without perform-
ing any calculation, has some problems:
First, the reaction consists of two consecutive (and competi-
tive) steps. The relevance of the second step varies with the cat-
alysts: it reverses the enantioselectivity in the case of Cat-I with
respect to what would be expected from the addition step,
reduces the degree of enantioselectivity for Cat-II and Cat-III,
and is irrelevant for Cat-IV. Some of the observations for the
relative energies of TSs for the addition and re-aromatization
step could be anticipated in a model. For example, the high
energy of “tosylamide H-bonded” rearomatization TSs for Cat-III
and Cat IV could have been prognosticated from the different
distance between the imidodiphosphoric oxygens and the sub-
strate H atoms. However, it is not so obvious why, for example,
“indole H-bonded” TSs have smaller energies than addition TSs
in the case of Cat-IV but not in the related Cat-III.
Second, small differences in the catalyst in some cases lead
to very different behaviour. Goodman’s model predicts, to
some extent, the effect of the size of the cavity on the change
of the preference for R-endo or S-exo addition TSs from Cat-I to
Cat-II. However, establishing when the cavity can be con-
sidered medium-sized or small, to apply one model or the
other, is more difficult. For the “tosylamide H-bonded” isomeri-
zation mechanism, the S-endo TSs “just fits” in the cavity of
Cat-I, but severe steric interactions prevented even obtaining
the corresponding TSs for Cat-II.
Finally, the balance between the three factors that are
identified to contribute to the energies of the TSs (steric inter-
actions, additional H-bonds and relative energy of the confor-
mations) is not obvious even for similar catalysts. For example,
for the “indole H-bonded” re-aromatization the possibility of
establishing an additional H-bond is very important to yield
low-energy TSs in the case of Cat-III, but for Cat-IV the relative
energy of the conformation has a stronger influence.
The difficulties in deducing and applying a valid qualitative
model as a guide for this reaction should not be interpreted
neither as a failure of these models nor against the ambition
of their creators. The overwhelming validity of some of these
models (for example, Goodman’s models are legitimated
against reactions from more than 4038 or 7048 literature refer-
ences) confirms that the Friedel–Crafts reaction studied here
constitutes an exception. However, other reactions consisting
of several competitive steps, with a large degree of flexibility
for reagent conformation and orientation, and with the possi-
bility of building up additional interactions, can also impose
difficulties at the moment of finding these guides. In these
cases, qualitative models cannot replace the theoretical study
of the reaction mechanism. Methodologies for automatic
exploration of the conformational space and the different
steps of the reaction are, therefore, of crucial interest.103–109
Conclusions
The mechanism of the Friedel–Crafts reaction between tosyi-
mide of benzaldehyde and indole catalysed by CPA catalysts
Fig. 14 Model to justify the relative energies of the “indole H-bonded”
TSs and the TSs found for Cat-IV. Energies are in kcal mol−1. In parenth-
eses, the energies of the conformation of the Wheland intermediate.
Gray boxes represent “hindered” regions of space.
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has been investigated by ONIOM QM/MM methods. The fact
that the experimental enantioselectivities can only be repro-
duced when the re-aromatization step is taken into account
confirms the relevance of the catalyst in assisting during this
second step. Indeed, for the BINOP-derived CPA the re-aroma-
tization step changes the sense of the enantioselectivity; for
SPINOL-derived CPA or the BINOP-derived imidodiphosphoric
acid the re-aromatization step reduces the selectivity, and for
the VAPOL-derived imidodiphosphoric acid it is irrelevant.
Predicting the influence of the isomerization step on the reac-
tion selectivity is not possible without the help of calculations.
The relative energies of TSs corresponding to the same reac-
tion step can be rationalized in most cases making use of the
steric interactions with the catalyst. The preference of endo
and exo addition TS structures can also be justified based on
the distance between the CPA oxygen atoms. This is also the
case of the inappropriate geometry of imidodiphosphate cata-
lysts to assist in the “tosylimide H-bonded” re-aromatization
mechanism. Nevertheless, there are also notable exceptions in
which rationalization requires more elaborate arguments, such
as additional H-bond interactions or the presence of particu-
larly unstable conformations on the reagents. The relevance
and arbitrary occurrence of these secondary factors makes the
use of guides for predicting the stereoselectivity difficult in
this particular reaction.
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